The fate of arsenic in the aquatic environment is influenced by dissolved natural organic matter (DOM). Using an equilibrium dialysis method, conditional distribution coefficients (D om ) for As(III) and As(V) binding onto two commercial humic acids (terrestrial and aquatic) were determined at environmentally relevant As/dissolved organic carbon (DOC) ratios and as a function of pH. At all pH values, As(V) exhibited stronger binding than As(III As(V) may be bound to DOM, whereas >10% of As(III) is bound to DOM at very low As/DOC ratios only (<1.32 nmol As/mg DOC).
Introduction
According to the WHO drinking water guideline value for arsenic (10 μgL -1 ), relevant groundwater resources in Argentina, Cambodia, Chile, Mexico, the United States, Vietnam, and West Bengal are to be considered as contaminated (1) (2) (3) (4) . The adverse health effects of arsenic are arsenicosis, various forms of cancer and blackfoot disease (BFD) (5) . Arsenate complexed by humic material has been shown to be a significant factor in the etiology of BFD (6) . The bioavailability, toxicity and mobility of As depend on its speciation. In the aquatic environment, inorganic As occurs as As(III), H 3 AsO 3 , or as As(V), H 2 AsO 4 -and HAsO 4 2-
. The ratio of As(III)/As(V) actually found in the environment is influenced by microbial activity (7) , by abiotic redox reactions (8, 9) and by binding to mineral surfaces (10) .
Natural organic matter (NOM) is ubiquitous to aquatic systems. The environmental fate of As could be affected by NOM. Firstly, microbial degradation of NOM leads to reductive dissolution of As coated iron(hydr)oxides (11) . Secondly, dissolved organic material (DOM) is known to act as a competitor for As with respect to binding onto surfaces such as alumina, goethite or hematite (12, 13) . Thirdly, complexation of As by DOM in the presence of metal cations suggest that DOM has an impact on As mobility (14) . Despite the known relevance of NOM on As speciation, information on the binding behavior of As(III) and As(V) onto dissolved humic substances is scarce (15, 16) .
Moreover, binding constants under environmentally relevant conditions are not available, so the distribution of As(III) and As(V) based on calculations cannot be predicted properly.
In this study, we determined conditional distributions coefficients (D om ) for As(III) and As(V) and two commercially available humic acids (terrestrial and aquatic) by a dialysis method. The [As] 0 /DOC ratio was varied within an environmentally relevant range, focussing on very low ratios such as 0.13 nmol As/mg dissolved organic carbon (DOC).
The D om values were fitted as a function of the As/DOC ratios for As(III) and As(V). The influence of the pH between 4.6 and 8.4 was determined. Additionally, the influence of aluminum in excess compared to As was investigated at very low [As] 0 /DOC ratios.
Finally, the competition between phosphate and arsenate at equimolar concentrations was 3 investigated. Probable binding mechanisms are proposed and results are discussed with respect to environmental relevance.
Experimental Section
Reagents. All aqueous solutions were prepared with analytical grade Milli-Q water Analytical methods. As(III) and As(total) concentrations ( >13 nmolL -1 ) were quantified with an atomic fluorescence spectrometer (AFS), Millenium Excalibur. The quantification limit was 0.2 μgL -1 (2.7 nmol L -1 ). As(III) was selectively detected by hydride generation in a pH 5 citrate buffer using a procedure described elsewhere (8) .
As(V) concentrations were calculated as the difference of As(total) and As(III)
concentrations. The influence of dissolved organic carbon (DOC) on the AFS response signal was determined for As(III) samples and As(V) samples in the presence of AHA and SRHA, respectively (Figures S1 and S2). DOC had no significant influence on the As(III) response, whereas As(V) spiked DOC solutions showed a significant decrease in response with increased DOC (18) . Thus, response signals were corrected for DOC content in the case of As(V).
As(total) concentrations (<13 nmolL -1 ) were quantified with high resolution ICP-MS (ICP MS Element 2). The quantification limit was 0.01 μgL -1 (0.13 nmol L -1 ). Samples were diluted 1:10, and 100 μL of distilled HNO 3 was added to a total of 10 mL.
Dialysis experiments.
In order to determine the conditional distribution coefficients of As(III) and As(V) binding to dissolved humic acid, equilibrium dialysis was used. The equilibrium concentrations of total As(III) and total As(V), respectively, were determined in the outside and in the inside of a dialysis tube (Spectra/Por® Biotech Cellulose Ester (CE) membrane (500 Da)) fixed at the top of a 0.5 L polypropylene bottle. The exact procedure is described elsewhere (17) . The inside solution contained humic acid or the ionic medium (blank). The solution inside and outside were spiked with the same As(V)
concentrations at the beginning. In the case of As(III), it was spiked only outside in order to prevent photoinduced oxidation of As(III) by humics (19 The characteristics of AHA are summarized in a previous study (17) . Due to lack of characterization data of SRHA standard II, similar characteristics as SRHA standard I are assumed (17) .
Diffusion kinetics and equilibration time. Figure S3 a,b shows that the diffusion of arsenic through the membrane is complete after 1 d (As(III)) and 8 days (As(V)) in the absence of humic acid. Qualitatively, experiments in the presence of humic acid showed that As(III) sorption is faster compared to diffusion through the membrane, whereas
As(V) binding to humic acid is slower compared to diffusion through the membrane.
Hence, dialysis cells with As(III) were shaken at least for 1 d, whereas As(V) batches were shaken at least for 40 days before analysis (120 rpm, 25°C, dark), which guaranteed equilibrium to be achieved (data not shown). For all experiments, recovery of initially spiked As was at least 80% and varied within 15%.
Blanks. Each step of blank runs (without As) was analysed for As contamination. Neither buffer solutions nor membrane tubes, pH meter nor bottles showed any As release (<0.01 μgL -1 ). Moreover, the "procedure blank" carried out at pH 4.6, 7.2 and 8.4, respectively, released less than 0.01μgL -1 As. Matrix-adjusted standards (in buffer and in buffer with DOC) had smaller responses than aqueous standards in the ICP-MS analysis. As the decrease in signal was the same for buffer solutions (outside the tube) and buffer with DOC (inside the tube), D om values calculated were not affected.
Results and Discussion
Binding to humic acids. Conditional distribution coefficients for binding of As(III) and Error bars indicate standard deviations of two replicates.
For AHA, the D om values increase by a factor of 6 (As(III)) and 25 (As(V)) when the As/DOC ratio is decreased by a factor of 60 (from 4000 to 70 nmolL -1 ). Stronger binding sites seem to be involved at lower As/DOC ratios. Distribution coefficients as a function of the As/DOC ratio can be calculated with simple equations. Minimization of ( ) Quantifying the occupation of binding sites for AHA results in 17 μmol of As(III)/ mol total functional groups and 40 μmol of As(V)/mol total functional groups for a low
[As] 0 /DOC ratio of 0.67 nmol/mg DOC, meaning that 26% (As(III)) and 62% (As(V)) of total As is bound to humics. Under these conditions, less than 0.1‰ of all functional groups are occupied. For As/DOC ratios of >100 nmol As/mg DOC, the concentration of and As(V), respectively. Under these conditions, As(V) binding is 6 to 10 times stronger compared to As(III) binding onto AHA, which may be due to the higher formal charge at 
9
In contrast to moderate As/DOC ratios, at low As/DOC ratios (0.13 nmol/mg DOC), the influence of the pH on the D om values is different. Here, no obvious binding maximum is found (Figure 3 ). It may be, however, that binding is stronger at lower pH values for both, As(III) and As(V), respectively. Such a behavior could be explained by traces of iron or aluminum forming cation bridges between As and the humic acid (12), which is favoured at lower pH values due to speciation of these metal cations (22). 
Binding mechanisms. A) Arsenic(III)
. Up to pH 9, As(III) forms stable neutral hydroxo complexes, As(OH) 3 . It is well known that As(III) forms stable "ethers" in the presence of alcohols (eq 4):
As 2 O 3 + 6 ROH 2 As(OR) 3 (eq. 4).
Because humic acids exhibit phenolates as functional entities, a ligand exchange reaction could occur (eq. (23) . In another study on the photoinduced oxidation of As(III) in the presence of humic acids we speculated whether As(III) bound to SRHA was involved in the rate determining step (19) . The pseudo-first-order rate coefficients in this oxidation reaction were higher the smaller the As(III)/DOC ratio was (19 In addition to a specific binding mechanism at functional groups, the neutral As(OH) 3 may partly be bound by hydrophobic interaction, which supports the fact that D om values found are rather small and that binding of As(III) onto SRHA is weaker than onto AHA, although it exhibits more functional groups than AHA (20, 21) .
B) Arsenic(V). In contrast to As(III), the inorganic As(V) species H 2 AsO 4 -and HAsO 4 2- are negatively charged in the pH range studied here (4.6 to 8.4). Because humic acids are overall negatively charged, too, only weak As(V) binding would be expected (22) .
However, we find stronger As(V) binding compared to As(III) binding and so do other authors (15, 16) .
According to Huheey, for coordination numbers <6, an associative ligand exchange mechanism at positively charged metal centres may occur (24) . As the arsenate centre has a formal charge of +V, an addition of a phenolate entity at the electrophilic centre followed by protonation and water release might take place (eq. 7): Moreover, the formation of AlAsO 4 colloids suspended by DOC should be negligible (25) because Al(III) was equilibrated with the humics for 12 h before As spiking and therefore Al(III) binding to high affinity sites on the humic acid is favoured over colloid formation (22) . This Al speciation is unambiguously supported by model calculations with WHAM (Windermere Humic Acid Model (22) Arsenic complexation by humics -a survey of the literature. In contrast to cation binding by humic substances (22) , anion binding by humics has not been studied comprehensively so far (26) . A selection of publications dealing with inorganic and organic As complexation is given in the following and evaluated with respect to As binding by humic acids.
At environmentally relevant conditions, hydroxyl complexes of As are prevailing in aqueous solution. Arsenic complexes with hard inorganic ligands such as chloride or carbonate are rather weak (27, 28) , whereas soft ligands such as sulfide form strong arsenic complexes (29) . The high affinity of sulfhydryl functional groups for As(III) is also reflected by the stable gluthathione complexes with As(III) (30) . complexes (32) . Therefore, our finding of As(III) and As(V) binding to humic acids is plausible because they also exhibit carboxylic, sulfhydryl and phenolic functional groups.
In batch experiments using AHA in high concentrations (1500 mgL -1 ), Warwick et al. AHA (6.6 nmol/mg DOC and pH 5.5), conditional distribution coefficients were 3300 Lkg -1 and 4200 Lkg -1 for As(III) and As(V), respectively, similar to our findings of 540 Lkg -1 and 2000 Lkg -1 for As(III) and As(V) (4.0 nmol/mg DOC and pH 6.2).
Redman and Macalady determined a great variability in complexation behavior of As (III) and As(V) onto diverse NOM samples and pointed out that cationic metals may be involved in a ternary complexation mechanism: humic acid-cation-arsenic (12 nM (5 μgL -1 )), 10% of total As(V) is bound to dissolved humic acids. At higher DOC concentrations, even a higher percentage of As(V) is bound to DOC. Thus, in oxic groundwaters with As mainly found as As(V) as for example in La Pampa, Argentina, binding of As to humic material should be considered. The binding of As(III), however, seems to be relevant at very low As(III)/DOC ratios only, implying that As(III) mobilization due to binding onto dissolved organic material may be important at high DOC concentrations only, as found for example at margins of peat lenses in anoxic aquifers (37) . Nevertheless, As(III)-humic acid complexes seem to play an important role in the photoinduced oxidation of As(III) in the presence of humic acids (19) . Such processes are important when anoxic groundwater is pumped up and gets in contact with air and light. Moreover, in anoxic aquifers DOC has a strong potential to mobilize As(III) from metal(hydr)oxides by acting as a competitor for the sorption on surfaces (13).
